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Abstract 
The first CCS-EOR (Enhanced Oil Recovery) pilot project in Shaanxi Province of China is being 
conducted. Although there are still many technical obstacles need to be solved, the major concern with 
this CCS (Carbon Capture and Sequestration) project is the risks of CO2 leaking from the subsurface 
storage site. While the industry worries about the efficiency of CO2-EOR in such low porosity and ultra-
low permeability reservoir. In the present work, we assess the potential risks as well as reservoir 
properties in CO2 geological storage site in Jingbian Field, North of Shaanxi. We design a comprehensive 
monitoring system, which covers geophysical, geological and surface environmental monitoring, in order 
to detect plume behaviour and leakage of CO2 during different stages of CO2 sequestration. The study of 
monitoring data and CO2-EOR operation in Jingbian CCS pilot project will increase our understanding of 
underground process during CO2 injection and after site closure in Ordos Basin. 
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1. Introduction 
The Ordos Basin mainly covers Shaanxi and parts of Gansu, Shanxi, Ningxia and Inner Mongolia 
provinces (Fig.1). It is the second largest sedimentary basin in China. In 2011, the oil and gas production 
exceeded 52 million metric tons of oil equivalent, and the coal production is about 20% that in Ordos 
Basin. The coal resources in Ordos Basin takes account for 43% of resources in China. 
Shaanxi s economy predominantly relies on fossil fuels. With the rapid economic growth of 10% 
every year, CO2 emission of Shaanxi increased tremendously [1]. Since 1990s, the average temperature 
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has increased significantly and precipitation has substantially decreased in Shaanxi. At the same time, 
extreme weather events as frequent droughts and serous floods occur frequently [2]. Xi an city, which is 
the capital of Shaanxi, ranks one of the hottest cities in China almost every year [3]. As the serious 
decline of the total volume of water resources, agriculture in Shaanxi is impacted significantly. The 
output of grains is declining and soil degradation is worsening. Climate change damages fruit production 
in Shaanxi. For example, apple quality was influenced by greenhouse gas as Shaanxi produces the high 
quality apple and takes account of 12.5% apple production in the world [4]. There is no doubt that climate 
change seriously affected the ecological environment systems, the basis for survival and development of 
human beings of Shaanxi. 
Mitigation of climate change is critical considerations to ensure environmental, social, and economic 
sustainable development in China as well as in Shaanxi Province. For the sake of accomplishing the 
Chinese government s goals of reducing the per-unit GDP greenhouse gas emission in 2020 by 40-45% as 
compared to that of 2005, Chinese government chose Shaanxi as one of the first batch of selected 
localities to promote low carbon pilot projects in 2010 when Chinese government launched a national 
low-carbon province and low-carbon city  experimental project. Sponsored by The Ministry of Science 
and Technology of China (MOST) and Shaanxi Provincial Government, Shaanxi Yanchang Petroleum 
Co. Ltd is conducting the first CCS-EOR pilot project with Northwest University in Shaanxi. 
The source of CO2 is a by product of 200,000 tons methanol and 200,000 tons acetic acid producing 
project at Yulin Coal Chemical Company of Shaanxi Yanchang Petroleum Co. Ltd in Yulin City, Shaanxi. 
The capture costs about US$30/t CO2. The purity of CO2 is over 99%. Then CO2 will be transported 140 
km away to Jingbian Filed by trucks.  
The CO2 sequestration site is located in Jingbian Field which belongs to Shaanxi Yanchang Petroleum 
Co. Ltd (Fig. 1). In order to reduce the cost of CO2 capture and transportation, Shaanxi Yanchang 
Petroleum Co. Ltd will capture CO2 in its energy and chemical engineering industrial zone in Jingbian 
City which is 30 km away to the CO2 sequestration site. 
The CO2 injection is expected to be started in the end of 2012 or early 2013. It is planned to inject 
CO2 40,000 tons/year, and is estimated to increase oil production 50,000 tons/year from CO2-EOR. The 
first phase of this CCS-EOR pilot project is from 2012 to 2014. 
2. Geology and CO2 injection in Jingbian Field 
2.1. Geology 
Jingbian field is located in central Ordos Basin in northern Shaanxi slope (Fig.1). 
There are several sets of oil-bearing reservoir and the main reservoirs are Yan 9, Yan 10 of Yanchang 
Formation in the Lower Jurassic and Chang 2, Chang 6 reservoir group in Upper Triassic (Table 1). In 
Jingbian CO2-EOR cite, crude oil is produced from Chang 2 and Chang 6 reservoir group of the Triassic 
period. The depth of reservoir ranges from 1409-1661 m. The average thickness of main producing Chang 
6 reservoir is about 24 m. The reservoir temperature is 440C, and pressure is 12 MPa. The porosity of 
Chang 6 reservoir ranges from 9%~13%, and average porosity is 11.2%. The permeability of Chang 6 
reservoir ranges from 0.5~3.5 mD, and average permeability is 1.49 mD. The average production rate is 
about 1.6 tons/day after being fractured and without nature productive ability. 
CO2 injection is expected to improve the oil production in such low porosity, ultra-low permeability 
and low deliverability reservoir. The success of CO2-EOR will guarantee the sustainable development of 
Shaanxi Yanchang Petroleum Co. Ltd. However, how to ensure the safety of long term CO2 sequestration 
is the main concern for this project. In addition, the capacity of other beds above and below the Chang 6 
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reservoir and the possibility of these beds to be used to store CO2 are concerned by government and 
industry. 


Fig. 1.  Location of Ordos basin (yellow area) and Jingbian CCS site (blue square) in China. 
Table 1. Stratigraphic column in Ordos Basin 
Jurassic Upper Jurassic Fenfanghe Formation   
 Middle Jurassic Anding Formation   
Zhiluo Formation 
 Lower Jurassic Yanan Formation Yan 9  
Fuxian Formation  
Triassic Upper Triassic Yanchang Formation Chang 1  
Chang 2  
Chang 3  
Chang 4+5 Caprock 
Chang 6 reservoir 
Chang 7  
 Middle Triassic Zhifang Formation   
 Lower Triassic Heshanggou Formation   
Liujiagou Formation 
2.2. CO2 injection strategy 
There are 93 wells in our CO2-EOR area (blue line area in Fig.2). Among these wells, 79 wells are 
main production wells. The average oil production of each well is only 0.3 ton/day or average fluids 
production is 0.8 m3 a day. 
Currently, there are 6 water injection wells in our designed CO2-EOR area. The volume of injected 
water for each well is 9m3/day. Injection pressure is 21 MPa. It is controlled under fracture pressure (23 
MPa). Although these 6 wells were fractured, water injection was not successful because when water 
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injection was conducted, most wells were flooded quickly. These 6 wells will be injected into CO2 instead. 
Except for these 6 wells, other 14 wells will be chosen to inject CO2 (yellow point in Fig.2). 19 wells 
(blue points and line in Fig.2) will be used to inject water to seal CO2 injection area. This water injection 
sealed range covers an area of about 7.4 km2. The controlled oil resource is about 3.32 Million Tons in 
Chang 6 reservoir. Single well CO2 flooding stimulation field test is being operated outside CO2-EOR 
area from August to December 2012. By the end of 2012 or the early 2013, we will select 10 wells of 
designed CO2 injection wells to perform CO2 injection. If the CO2-EOR efficiency would be satisfied, we 
would continue to inject CO2 into other 10 wells. Otherwise, we will adjust the CO2 injection strategy. 
 
 
Fig. 2. Well location and designed CO2 injection well location in Jingbian CCS site. Note the abandoned wells are close to CO2 
injection area. 
3. Risks in Jingbian Field 
Jingbian Field is regarded as locating in the most geologically stable place in Ordos Basin. However, 
several risks in this area are threatening the safety and security of CO2 sequestration and really need to be 
studied. 
3.1 Oil leakage happened in history 
In Shen Kuo s book Dream Pool Essays written in 1088, the polymathic scientist and statesman Shen 
Kuo of the Song Dynasty coined the word Shiyou (literally rock oil ) for petroleum, which remains the 
term used in contemporary Chinese [5]. Shen Kuo found this near Yanhe River near Yanan 
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City, which is about 120 km southeast of Jingbian CO2-EOR site. This means oil leakage did happen near 
our CO2 sequestration site in history, and the potential CO2 leakage risk does exist in Jingbian Field. 
3.2 Nature earthquake 
Among the top ten deadliest earthquakes on record of human history, there were two occurred in the 
border of Ordos Basin [6]. One was occurred about 400 km south of Jingbian Field in January 23, 1556, 
Shaanxi Province (Fig.3) and another was occurred 300 km west of Jingbian Field in December 16, 1920, 
Gansu Province (Fig.3). We also plot magnitude 2 to 5 earthquakes within last four years in North of 
Shaanxi in Fig.3. According to statistical data from Shaanxi Earthquake Information Network [7], 50 
earthquakes of magnitude 2 to 2.9 and 14 earthquakes of magnitude 3 to 3.9 happened in North of 
Shaanxi from January 1, 2009 to July 6, 2012 (Fig.3). What magnitude and how frequent happened 
earthquakes could damage the CO2 sequestration is still a question? 
 
 
Fig.3. Earthquake distribution from Jan. 1, 2009 to Jul. 6, 2012 in North of Shaanxi, China. Blue square marks the Jingbian CCS site. 
Note the red arrows indicate two deadliest earthquakes on record of human history. 
3.3 Coal mine collapse 
Over-mining caused coal mine collapse happens frequently and the magnitude of over 3.0 has been 
recorded nearly every month in Yunlin, Shenmu and Fugu cities, which are in the northeast area of 
Jingbian Field (Fig.3) according to earthquake records from China Earthquake Networks Center [8] and 
Shaanxi Earthquake Information Network. The highest magnitude recorded was 3.9. The latest mine 
collapse earthquake was occurred in June 23, 2012 with magnitude 3.2. 
The coal resource in Jingbian City is over 4.37 billon tons. The depth of coal resources ranges from 
400 to 800 meters. The huge coal resources in Jingbian attracted much invest on coal mining and coal 
chemical engineering industries. Large scale coal mining in Jingbian is beginning and will lead to coal 
3474   Jinfeng Ma et al. /  Energy Procedia  37 ( 2013 )  3469 – 3478 
mine collapse in the future which is similar to that in Yunlin, Shenmu and Fugu cities. Comparing with 
natural earthquakes, the depth of coal mine collapses is more close to Chang 6 reservoir which varies 
from 1409-1661 m. If we plan to inject CO2 in aquifer or Yanan Formation above Chang 6 reservoir, then 
location of coal mine collapses will be closer to that of reservoir which will store CO2. Therefore, coal 
mine collapse would threaten the safety of CO2 storage in Jingbian Field in the future. 
3.4 Abandoned borehole 
There had been more than one thousand private oil companies in North of Shaanxi before local 
government recovered the property of private oil companies. These private companies had drilled more 
than 4000 boreholes in North of Shaanxi. Before Jingbian Field owned by Shaanxi Yanchang Petroleum 
Co. Ltd in 2003, private companies and personal stealing in Jingbian area had drilled hundreds of 
boreholes and produced oil over 10 years. These private companies took original means of production and 
predatory exploitation of oil resources not only damaged environment but also wasted the oil resources 
[9]. Some abandoned wells and even some production wells were not cemented and cased properly. For 
those improperly cemented and cased boreholes, the cementing and casing information had already been 
lost for these wells. Therefore, it is hard to assess wellbore integrity performance and study CO2 corrosion 
in boreholes. Especially, most abandoned wells are close to our CO2-EOR area and located outside CO2 
injection and along channel sand in south and north direction (Fig.2). 
It was reported that an abandoned gas well caused sudden blowout on July 8, 2012 in Sichuan 
Province which was trigged by thunder and lead to gas leakage [10]. This gas well (named Shilong 6) 
belonged to Sinopec and was depleted many years. This accident warns us that the abandoned with 
improperly filled and sealed wellbores could be the leakage path and may have potential risks for CO2 
sequestration. 
4. Monitoring CO2 leakage in Jingbian Field 
Following significant and successful CO2 monitoring and storage study in Weyburn Project [11], we 
designed a comprehensive geological, geophysical site characterization monitoring system combined with 
surface gas, water and soil monitoring system to detect the CO2 movement and assess potential risks of 
CO2 sequestration in Jingbian Field. It is first time to monitor CO2 migration systematically from deeper 
stored reservoir to surface environment in a CCS project in China. 
The key technical problem for monitoring CO2 sequestration is how to prove the injected CO2 equals 
the stored CO2. Furthermore, if the CO2 is stored underground, how to map the CO2 distribution in the 
reservoir? Where are the high pressure CO2 distribution areas and where are the potential leakage paths? 
The geological site characterizations of baseline need to be studied and quantified are geological structure, 
lithology, trap geometry, seal thickness and area extent, geometry and properties of faults and fractures, 
etc. Besides, as a CO2-EOR project, it is essential to confirm the efficiency of CO2-EOR, seal and 
wellbore integrity, CO2 plume movement and study the possibility of secondary trapping and eventual 
plume stabilization if CO2 could migrate vertically and laterally. Hence, we divided our study into four 
aspects: 
4.1. Geophysical Monitoring 
4D seismic monitoring is proven to be the most powerful tool in mapping CO2 distribution and 
confirming the safety of CO2 geological storage during CO2 injection [12, 13]. The 4D seismic survey is 
planned in our CO2 sequestration site. However, the first problem is if the 4D seismic difference could be 
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observed in this area considering the ultra-low permeability, low porosity reservoir and amount of 40,000 
tons CO2 injection per year. How much stored CO2 could be observed from seismic observation and when 
will be the best time to acquire monitor data? To answer these questions, it is necessary for us to measure 
the rock physics samples and build reasonable fluid substitution model in this area [14]. 
Although there are thousands of boreholes drilled in Jingbian area, only limited boreholes had been 
cored. These core drill wells were named as Tan (exploration). Unfortunately, some drill cores were not 
targeted to Chang 6 reservoir, and some cores were missing. We could only choose nine of these wells, 
which are close to CO2 injection area (Fig.4), to take core samples. Our core samples are mainly targeted 
to Chang 6 reservoir. Moreover, in order to study the rock physics properties and the capacity of CO2 
storage in Chang 7, Chang 4+5, Chang 2 or Chang 2+3 and Yan 9 formation (Table 1), we took those 
samples above and below the Chang 6 reservoir as well. This study will help us to evaluate the possibility 
of storing CO2 above and below Chang 6 reservoir. It may also help us to detect CO2 leakage or CO2 
movement vertically. 
 
Fig.4. Core samples location in Jingbian CCS site. The red points indicate the location of core drilled wells. 
 
4.2 Well log analysis and Geology study 
Multiple well log analysis is designed to measure the reservoir parameters in pre-injection, during 
injection stages in Jingbian Field. Most wells were drilled and logged several years ago. Some wells were 
hydraulic fractured and flooded over ten years. It is obvious that current reservoir parameters were 
different from that of previous measured. For example, residual oil saturation, permeability, salinity, 
fracture density, etc had been changed. Multiple well logging is an effective way to measure reservoir 
parameter changes at different stages of CO2 sequestration [15]. One borehole is designed to do multiple 
logging in our CO2 injection area. 
For the geological studies, we are studying baseline geological information of structure and lithology 
information in Chang 6 reservoir and other potential reservoirs above Chang 6 reservoir. Risk assessment 
and risk management of CO2 sequestration requires us to analyze trap geometry, seal thickness, geometry 
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and properties of faults and fractures, etc. Reservoir simulation is also performed to improve our 
understanding on the safety of long-term CO2 storage and CO2-EOR efficiency in Jingbian Field. 
We will answer how CO2 will migrate from now to 200 or 1000 years in such an ultra-low 
permeability and low porosity reservoir? If the CO2 could broke through the caprock and how to confirm 
the secondary trapping and eventual CO2 plume stabilization? 
4.3 CO2-EOR efficiency, borehole integrity and anticorrosion 
The efficiency of CO2-EOR is mainly concerned by industry. Although the laboratory experiment has 
proven that CO2 injection may enhance the oil recovery in Jingbian Field, the industry still worried that if 
CO2 injection could produce more oil and what strategy should be used in CO2 injection. Therefore, our 
study covers CO2-oil system phase behavior experiments, reservoir damage during CO2 injection, factors 
that influence the CO2 displacement, techniques of enlarging sweep area for CO2 drive, reservoir 
simulation and CO2 injection optimization design.  
The initial experiments of starting pressure gradient and stress sensitive showed that the influence of 
stress sensitive cannot be ignored during CO2 injection. Preliminary reservoir numerical simulation 
demonstrated the residual oil saturation at different stages of CO2 injection. Different injection strategies 
were simulated as well such as the feasibility of cyclic water injection, continuous water injection and 
surfactant injection. 
The groundwater of Chang 6 reservoir is mainly the calcium chloride-type and contains more Ca2+
Mg2+. Salinity ranges from 50.52g/L to 95.11g/L. When injecting CO2, the pH value of brine decreased to 
3.5-4.0. Therefore, it is less likely to form MgCO3 and CaCO3 scale during CO2 injection.  
The consisting of Chang 6 reservoir is 25% quartz, 27% feldspar and 48% detritus (metamorphic and 
igneous rock). Laboratory experiments show that when CO2 injection pressure increases, corrosion is 
gradually obvious which makes secondary pores. 
For the anticorrosion of surface station and pipelines for CO2 injection, Shaanxi Yanchang Petroleum 
Co. Ltd is beginning to choose the stainless steel equipment. For those already installed casing pipe, 
industry will add the appropriate amount of the anti corrosion periodically. The main problem we have 
not studied here is corrosion of cement by CO2. As the old boreholes were drilled and cemented by 
private companies, some borehole cement data had been lost. This may hide the potential hazard of CO2 
leakage sequestration in the future. 
 
4.4 Environmental monitoring and risk analysis 
Environmental monitoring is the direct way to measure CO2 leakage from surface and near surface. 
Our goal is to measure the CO2 leakage quantitatively from surface, subsurface and atmosphere. 
Especially, we try to measure very low CO2 leakage rate that had been injected into reservoir. Then we 
may estimate how much CO2 will be stored in the reservoir and how much CO2 comes out to the 
atmosphere. 
For the purpose of measuring concentration, gradient of CO2 near surface and pH value of 
underground water, we made an online monitoring system. Simultaneously, isotope dating is used to 
discriminate CO2 between the injected and nature occurred. 
Based on monitoring data, we will analyze the local environmental impact of CO2 leakage in Jingbian 
Field as well as the benefits of local environment from Carbon Capture and Sequestration. The 
measurement of noble gas, soil gas and underground water may provide direct evidence of CO2 leakage. 
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Meantime, the assessment of animal, plants and microorganism might provide the indirect evidence of 
CO2 leakage.  
Since April 2012, we started to measure baseline noble gas, soil gas and water samples monthly. These 
samples are acquired inside and outside CO2 injection area (Fig.5). Baseline soil, gas and water 
monitoring database is being established in Jingbian Field. 
 
 
Fig.5. Surface soil, water and gas sample locations (triangle) in Jingbian CCS site. 
 
5. Conclusion 
CCS is the best technology to mitigate CO2 emissions for China, especially for Shaanxi Province 
which its industry heavily relies on fossil fuels and CO2 emission increases rapidly with GDP growth. 
However, the risk of CO2 leakage is the main concern in Jingbian CCS-EOR project. Several potential 
risks in this area might threaten the safety of long term CO2 sequestration. The abandoned boreholes, 
improperly cemented and cased boreholes could be the potential hazard. Natural earthquake and coal 
mine collapse might also be risks in the future. 
The ongoing risk assessment, measurement, monitoring and verification may ensure the safe and 
effective CO2 sequestration in Jingbian CCS site. The integrated 4D seismic, multiple well logging and 
geological evidence, surface environmental data for CO2 sequestration may corroborate each other. 
Borehole integrity and anticorrosion plays vital role for Jingbian CCS-EOR project. The use of CO2-EOR 
would generate additional tons of recoverable oil resources and mitigate CO2 emission. 
Monitoring CO2 sequestration is one step for long term geological storage. How to reduce the technical 
risks of CO2 leakage in the procedure and process of CCS-EOR operation will be our long-term goals. 
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Our study and operation in Jingbian CCS-EOR pilot project may help us to develop more techniques and 
obtain experiences in large scale CO2 sequestration in Ordos Basin. 
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